In advancing magnetic recording and spin-based electronics, researchers require a better understanding of magnetization dynamics in ferromagetic nanostructures. We are building a magneto-optic microscope for investigating these dynamics.
Introduction
Over the past decade, the magnetic bit size on hard drives has been halved roughly every twelve months [1] . Concurrently, the bit switching rate has been improved sharply, leading to much faster data transfer. To continue this progress, it is essential to develop a means of observing magnetic micro-and nanostructures with high spatial and temporal resolution. A variety of techniques are currently used for observing such structures with either high spatial or high temporal resolution. High spatial resolution techniques include Lorenztmode transmission electron microscopy [2] , scanning electron microscopy with polarization analysis [3] , and magnetic force microscopy [4] . High temporal resolution techniques typically rely on magneto-optical (MO) measurements [5] , [6] . Our research aims to provide both high spatial and temporal resolutions, combining apertureless scanning near-field microscopy (SNOM) [7] [8] with ultra-fast MO techniques.
We are developing a microscope that can probe magnetic nano-structures with a spatial resolution better than 100nm, which is roughly the size of magnetic bit regions. The approach will allow for very fast measurements, down to picoseconds. To our knowledge, this would be the first device with such high spatial and temporal resolutions. It could provide a highly valuable tool for understanding the physics at work in magnetic nano-structures and pave the way for continuing progress in magnetic data storage systems.
The principle of our implementation of apertureless Scanning Near-field Magneto-Optic Microscope (apertureless SNMOM) is illustrated in Fig. 1.1 . A polarized laser beam is directed at the bottom side of an ultra-thin magnetic sample. In traversing the sample, its polarization direction is Faraday-rotated. Since the beam is aligned for total internal reflection, an evanescent field exists above the reflection intertarface. A small fraction of this field is radiated off as homogeneous, propagating waves by a metallic probe tip. This scattered wave contains information about the local polarization state of the evanescent field and thus about the local magnetization of the sample. By raster-scanning the probe across an area of the sample, a magnetization mapping is created.
Several issues complicate the matter. One problem is how to hold the tip over the sample. Possible methods include STM, AFM, and shear-force feedback as used in Scanning Near-field Optical Microscopy (SNOM). We first tried the STM method, but it proved too unreliable for operation in air, largely because any poorly conducting region could cause the destruction of the tip. Therefore, we switched to a shear-force based feedback system (Sec. 3.6) [9] . A further complication arises from stray light scattering at the incident beam focus on the sample surface. This must be filtered from the tip-scattered light. To do this, we modulate tip-sample separation at some frequency f mod . This height-modulation causes an intensity-modulation of the scattered near-field and a corresponding modulation in the photodetector signal. Using a lock-in amplifier, we extract the desired signal (Sec. 3.1, 3.4). We also modulate the polarization of the incident beam, using a lock-in scheme to measure Faraday rotation and ellipticity (Sec. 3.3). We may require a further lock-in scheme to distinguish between the Faraday rotation caused by sample magnetization and unrelated birefringence of the tip and/or sample (Sec. 4.3).
Theoretical Background
This experiment combines two techniques: magnetization measurement by Magneto-Optics (MO) and Scanning Near-field Optical Microscopy (SNOM). This section first describes the major physical principles of each. Sec. 3.2 will describe how this experiment combines both into apertureless Scanning Near-field Magneto-Optic Microscopy.
Scanning Near-field Optical Microscopy (SNOM)
The magneto-optic technique described above allows magnetization measurements with high temporal resolution. To obtain high spatial resolution, we rely on SNOM. SNOM is a commonly used technique that allows for spatial resolution orders of magnitudes better than the Rayleigh limit by using sub-wavelength-sized probes scanned in close proximity to the sample. At this distance, the probe detects the near-field so that the apparatus is not limited by the (far-field) diffraction limit.
Two types of SNOM have been developed. The more common type, the "aperture SNOM," employs an optical fiber ending in a small-aperture probe ( λ). This probe is scanned close to the sample. Several modes of operation are possible. First, the tip can be used to illuminate a sub-wavelength region of the sample. In this "illumination mode", the scattered light is collected (e.g., by a large-aperture lens, or directly by the fiber. In the other mode of operation ("collection mode"), the sample is illuminated from outside, but only local light from a sub-wavelength region of the sample is collected by the probe.
In the second type of SNOM, an apertureless tip is used as the optical probe. Typically it is scanned in the evanescent field at an interface where light undergoes total internal reflection. In this "apertureless SNOM" technique, the tip end acts as a collection of multipoles which convert the evanescent near-field into propagating waves. These are detected far away from the sample surface. The tip end can be viewed as a Rayleigh particle, and the scattering can be described by the Mie-Rayleigh theory [10] .
Even though an "aperture SNOM" is more common and easier to implement, we chose the "apertureless SNOM" for the purposes of this experiment. The primary reason is that it is very difficult to preserve the polarization of light inside a fiber. Thus, measuring small mageto-optical effects in thin films would be challenging. A further reason is that the experiment must ultimately allow for time-resolved measurements with a pump-probe technique. Because of the temporal spreading of the light pulses inside the fiber, such time-resolved measurements would be difficult in "aperture SNOM." Furthermore, apertureless SNOM allows for higher resolution (as little as 0.8 nm have been reported [11] ) and higher optical throughput [12] , as well as field-enhancement of the local mode of the surface plasmon-polariton on the tip [13] .
Magnetization Measurement by Magneto-Optic Effects
When polarized light passes through the magnetic sample, its polarization is rotated through the magneto-optic effect. Thus, we can measure the sample's local magnetization by measuring the polarization change of transmitted or reflected light. In this section, we review how the relevant magneto-optic effect, the Faraday effect, relates to the sample's magnetization and how it may be quantified. 1 First we need to establish the framework in which we will analyze the Faraday effect. Consider a coherent plane wave of arbitrary polarization propagating along the z-direction. It is given by
wherex,ŷ are unit vectors in the x and y directions. α is a complex number whose magnitude gives the relative weight of the x and y components, and whose argument gives their relative phase. As usual, the physical electric field is the real part of this expression.
In the following, it will be useful to consider circularly polarized light. The basis vectors for the right circularly polarized (RCP) and left circularly polarized (LPC) senses are:
2)
As in Eq. 2.1, any plane wave can be represented as a linear superposition of waves over the basis vectors, or
where the coefficient β ∈ C gives the relative phase and magnitude of the RCP and LCP components.
Now assume the wave is propagating in a circularly birefringent medium filling the halfspace z > 0. The medium has indicies of refraction n + , n − for RCP and LPC polarizations. In general, n + , n − are complex numbers n ± = N ± − iK ± , with N ± , K ± ∈ R, where K ± gives the absorptivity of the medium. A distance z inside the medium, the RCP ("+") and LCP ("-") components will be changed by the factors
yielding an electric field
To see by how much the polarization and ellipticity of the light are changed, we can consider what happens to a plane wave linearly polarized along thex direction as it passes through the birefringent medium. This wave is given by Eq. 2.4 with β = 1. (The results will apply to the general case because any wave can be represented as a linear superposition of linearly polarized waves.) Assume for the moment that n ± are real, i.e., K ± = 0. If the plane wave is written again in terms of vectorsx andŷ, it reads
From Eq. 2.7, it is already clear that the polarization is rotated by an angle δ/2. For the more general case where r ± ∈ C, [14] shows that the polarization is rotated by
and the ellipticity changed by
It will be useful to consider Eq. 2.11 in the limit
Faraday Effect
The electric displacement D and the electric field E are related by
where is the dielectric tensor. At optical frequencies, the influence of an external magnetic field H ext on is small and it can be expanded to lowest order, which yields
14)
The elements of this matrix are complex. [15] shows that in a cubic crystal where H ext is in theẑ direction, simplifies to
Now consider a plane wave traversing the medium and given by
where n is the refraction-index vector k/k 0 , where k 0 is the wave vector magnitude in vacuum (= 2π/λ 0 , λ 0 being the wavelength in vacuum).
By combining Eqs. 2.17 and 2.13, one (see [16] ) finds two possible indecies of refraction,
with the corresponding solutions for E 0 given by (see [14] )
From the form of E 0 , we see that n + is the refractive index for the RCP wave (E x 0 , E y 0 ) = (1, i) and n − the refractive index for the LCP wave (
Since 1 n 0 , the difference between the two solutions in Eq. 2.18 can be approximated to
Substituting this expression back into Eqs. 2.10 and 2.11, the Faraday angle and ellipticity are given by
Note that these expressions are valid only for the case where the wave propagation is along the direction of H (or the polarization M). This "longitudinal" Faraday effect is by far the most significant in this experiment and we won't need to consider the other geometries.
Estimating the Expected Faraday Rotation
So far no mention has been made of the numerical value of 1 . It depends on the material and its crystalline structure (which may be different for thin films than for the bulk material). Fortunately, a few experiments have already been made on the Faraday effect in thin ferromagnetic films. They can serve as a rough estimate of what φ F we should expect for this experiment.
Experiments by [16] measuring the Faraday rotation of thin films of iron have yielded values of the rotation per unit length φ F /l ∼ 4.3·10 −3 deg/nm at 633 nm (value inferred by the author). In these experiments, the light propagated at an angle to the the magnetization axis, so this value should be somewhat less than for the longitudinal case (the authors do not report the value of this angle, so it's difficult to infer φ F /l exactly, but this value gives an order of magnitude).
Group [17] reports a similar value of φ F /l for epitaxial films of ferromagnetic perovskite SrRuO 3 . In this experiment, the magnetic easy axis was perpendicular to the film. For saturated remanent magnetization, this gave φ F /l ∼ 7.5·10 −3 deg/nm at 840 nm.
Based on these experiments, we can estimate that for a ferromagnetic film of thickness ∼ 10 nm (typical for this experiment), one can expect a Faraday rotation of .01 to .1 degrees.
Experimental Apparatus
This chapter discusses the major elements of our implementation of magneto-optical microscopy. The basic apperatus is sketched in Fig. 3 .1 (this does not include the polarization modulation for enhancing Faraday-rotation detection-see Sec.3.3) We begin with a discussion of our implementation of apertureless SNOM. This is followed by an analysis of how the local Faraday-rotation of the probe beam is preserved and carried into the far-field. Then we discuss how we can measure this Faraday rotation, and whence the sample magnetization. Thus, at the end of the first two sections, we will have covered the heart of the experiment.
The rest of the chapter treats the techniques and systems that support the SNMOM system. This includes topics such as beam focusing on the sample plane and probe tip requirements and production. Finally, we expand on the shear-force-based distance control system.
Implementation of Apertureless SNOM
In our implementation of apertureless SNOM, a tungsten tip is held in close proximity to the sample. Its average height is kept constant by feedback based on a "shear-force" signal from a resonant tuning fork (see Sec.3.6). A laser beam is focused on the sample in total internal reflection mode, as shown in Fig. 3.1 . The tip, which is positioned over the focused spot, radiates the evanescent field off as propagating waves, which are then analyzed to extract information about the local magnetic field.
The evanescent field decays exponentially [18] , according to:
where z is the height over the sample, λ is the laser's wavelength (633 nm), n the refractive index of the sample substrate (sillica-glass), i the angle of incidence of the beam, and i 0 the and demodulates the tuning fork signal, which is then passed to the feedback controller, which in turn ensures constant average tip-sample separation. The voltage it applies to the piezo to ensure that constant separation gives the topography scan information, collected on the computer. Simultaneously, the tip-sample distance is modulated at f mod , which causes modulation in the near-field scattered light. A lock-in amplifier extracts the tip-scattered light at frequency f mod and it to the computer as the optical signal.
critical angle of total internal reflection. To a first approximation which doesn't take into account the effect of the tip on the sample, the intensity radiated by the tip is 1
In addition to the light from the tip, much stray light is scattered as well. Selecting the small amount of tip-scattered light from the background is like searching the needle in the haystack. But this search becomes much simpler if the tip-scattered light is marked by intensity-modulation. Then we can easily filter it out. This scheme is shown in Fig. 3.2 .
The tip height is modulated by 5-50 nm at a frequency f mod (though the feedback still maintains a constant average height). This height modulation causes an intensity modulation of the radiated light: if the height is modulated around the average z 0 by a distance ∆z = ∆ mod cos(ω mod t), with ω mod = 2πf mod and ∆ mod δ, the near-field intensity change of Eq. 3.3 change can be expanded as:
Now a lock-in amplifier at frequency f mod demodulates the photodetector signal at f mod to extract the signal corresponding to the light radiated by the tip. This technique eliminates most stray radiation, though it is still possible that other stray light is modulated at the same frequency and thus not separated from the tip's near-field signal. For example, stray light periodically blocked by the tip also has an amplitude modulation at f mod . For that reason, it can be useful to demodulate at higher harmonics of f m where more of the stray light is filtered out. 
Magnetization Measurement with Apertureless SNOM
We saw that when the laser beam traverses the magnetized sample, its polarization is Faraday-rotated and thus contains information on the local magnetization. But how can we recover this information in the far-field? In this section, we show that when one observes the appropriate polarization of the far-field scattered light, the Faraday-rotation can be recovered.
For the purpose of this analysis, several simplifying assumptions are required. These assumptions may change the details, but the overall behavior will be similar that of the real system. First, in calculating the response of the tip to the light's electric field, idealize it as a spherical dipole with polarizabilitȳ
In addition, assume that the surface consists of a collection of idealized spherical dipoles with polarizabilityᾱ
Each dipole is affected by the electric field of the incident laser beam E inc and the radiated electric field from the other dipoles. In the far-field (r/λ 1), this radiation from dipole j at position r i is given by
where r ij = r j − r i , n ij = (r j − r i )/r ij and k = 2πn/λ with n the index of refraction.
In the near-field (kr 1), the radiation is markedly different, approaching [18] 
The total electric field at position r i is thus E tot = E inc (r i ) + j =i E ij . This field induces a dipole of strength p i =ᾱ i E tot . First, we calculate p i from the interactions between neighboring dipoles and the laser beam. Since for this calculation, rk 1, we use the near-field expression of Eq. 3.8 for the electric field. Thus, we arrive at the set of equations
This system of equations is impossible to solve analytically. We therefore make the following simplifying assumptions. (1) Assume that the interactions between any two dipoles i, j is weak so thatᾱ i E ij ᾱ i E inc . (2) Since the size of the tip, the sample-tip separation, and the coherence length of the sample (the distance over which φ F,i and α i are nearconstant) are similar, assume that the tip is most strongly interacting with only one of the dipoles. We will refer to the tip-and surface-dipoles by the subscripts '0' and '1', respectively. Eqs. 3.9 can now be written
(3.14)
Because of the weak interaction between the dipoles, we can approximate the solution to lowest order inᾱ i E ij .
We start with the zeroth-order approximation,
where the tip is a height h above the sample plane z = 0. Now we bring in the first-order approximation to the interaction between the sample and tip-dipoles:
Let E inc be polarized in theŷ direction, E inc (z) = E 0 e −z/δ+ikzŷ (see Eq. 3.1). Substituting this expression into Eq. 3.20 and solving for p 0 , p 1 , we obtain, to first order in
Now that we have determined the lowest-order approximations for the relevant dipoles, let's see how this information is transmitted to the photodetector. From Eq. 3.7, we see that the far-field radiated field behaves as
It's interesting to analyze the different components of this radiation. Theŷ component consists of the following terms:
1. α 1 : tip-independent scattering 2. α 0 e −z/δ+ikz : tip-related scattering, but not related to the sample feature 3. α 0 4π 0 z 3 (e −z/δ − 2)): tip-related scattering with local magnetic information Section 3.1 described that the photodetector picks up only z − dependent terms of the radiated field. Therefore, only the second part of theẑ component would be processed.
Measurement of Faraday Rotation
The previous section showed how the local magnetization information can be transmitted from the sample/tip to the photodetector. But it's a non-trivial task to extract that information φ F . This section describes how.
Theoretically, the measurement of the Faraday rotation is simple. First remove the magnetic sample. Then place a polarizer P between the tip and the photodetector and turn its axis perpendicular to that of the light by minimizing the passed light intensity. Now introduce the magnetic sample. Because this causes a polarization rotation, rotate P by an angle φ such that again a minimum intensity reaches the photodetector. φ is the Faraday rotation.
It's plain to see that in practice, this is not an easy procedure, especially since the Faraday rotation angle will be very small (∼ th of a degree (Sec. 2.2.2). Besides, one would like to repeat the measurement without having to replace the sample each time.
A very convenient and accurate measurement is possible if the polarization of the incident light is modulated at some frequency f m . A lock-in amplifier can then extract the difference of the Faraday effect on different proportions of RCP and LCP light. This technique yields a precise measure of φ F and ε F , as we shall see.
We modulate the light's polarization with an electro-optic modulator (E/O). This device consists of a nonlinear optical crystal (lithium niobate in our case), which has a high electrooptic coefficient. When an electric field E is applied across this crystal, its index of refraction in a particular direction, sayŷ, changes proportionally, as described by a third-rank tensor [19] . In this direction,
where n 0 is the refraction index at zero electric field and r is the appropriate element of the electro-optic tensor (typically very small-for E = 10 6 V/m, ∆n/n ≈ 0.01 %.) [20] The resulting phase shift is given by
where l denotes the length of the crystal along the light propagation axis. If we denote by E π the electric field required to produce a 180 • phase shift, this can be expressed as
or, in terms of the corresponding voltage,
The electro-optic modulator used in this experiment has V π = 332V at 633 nm. We apply a sinusoidal high voltage V m sin(2πf m t) ≡ V m sin(ω m t) to the E/O, producing a phase shift
Consider a linearly polarized laser beam
(x +ŷ)E 0 entering the E/O at 45 • tô y. The output beam will then be
Now we consider what happens to the light as it passes through the magnetic sample. To apply the earlier theory of the Faraday effect, we first need to express E 2 in terms of the right-and left-circular unit vectorsê RCP andê LCP . This gives
After the light has traversed the E/O, it is
where r ± = e −i(2πn ± l/λ 0 ) from Eq. 2.5 with z = l, the length of the EO crystal. The light scattered by the tip now passes through a polarizer with directionp =x cos φ+ŷ sin φ. Thus, the passed light is given by
This light is collected by the photodetector which produces a voltage V P D proportional to the intensity:
This evaluates to 4 . From Eq. 2.5, we have that |r ± | 2 = e −4πK ± l/λ 0 . Since the exponent is much less than unity, this can be approximated to |r ± | 2 ≈ 1 − 4πK ± l/λ 0 . Using this fact, we can approximate (n − − n + ) = φ F . Using these approximations, the photodetector voltage can be simplified to
Writing the sin and cos in terms of Bessel functions gives:
Thus, It can be measured by extracting this frequency component with a lock-in amplifier. The same can be done to extract the Faraday rotation φ F at the second harmonic, 2ω m .
Alignment
The 633nm beam, produced by a 5 mW He-Ne laser, is focused on the sample by a planoconvex lens with 10 mm focal length and effective NA = 0.2.
It is very important to focus the beam at the sample surface. Otherwise, the intensity of the light will be too small. For example, if the focus is only 100µm away from the plane of the sample surface, the intensity there will be reduced by a factor of about 100.
A quick calculation shows how small a focus we can expect. Using Abbe's formula for the diffraction limit, the minimum spot would have a diameter of ∆x = .61λ 0 nNA . Here n denoted the index of refraction, which for the BK7 glass used is n = 1.515. With NA=0.1 and λ = 633 nm, ∆x ≈ 1.5 µm. The beam is focused on the plane at 30 • incidence, so we can expect the best focusing to produce an ellipse of width 2.5 µm and length 2.5/sin 30 • = 5.1 µm.
We found the following procedure most suitable for focusing. First roughly align the beam so that the back-reflection (from the front and back sides of the hemi-spherical prism) coincides with the incident beam. Now move the sample to bring some small scattering center (e.g., dust particle) on the sample surface into the beam. Optimize the alignment to maximize the amount of scattering. Finally, remove the scattering particle and put the tip in its place.
Due to technical constraints, we collect a fraction of only about 5% of the scattered light using a plano-convex lens with NA = 0.25. This light is directed to the photodetector, while about 10% of it is diverted to a camera which sees exactly the same as the photodetector. Stray light is rejected by a pin-hole.
Probe Tip
The tips used in apertureless SNMOM must satisfy these requirements:
1. radius of curvature R < 50 nm 2. aspect ratio = tip length / wire diameter must be small, on the order of unity 3. ratio of wire length to wire diameter must be small to guarantee stiffness 4. wire and attaching glue must have low mass (i.e., it must be thin and short) so that the resonance behavior of the tuning fork is not affected too much
The tip is electrochemically etched from tungsten wire. Tungsten was chosen because it is very stiff, is suitable for etching, and stable at room temperature. The wire (diameter µm) is placed in a strong (5 molar) KOH base. Then a positive voltage V is applied to it, so it acts as the anode. The cathode consists of a piece of grounded metal (stainless steel and copper work well). The following reactions occur:
cathode:
anode:
The above reaction involves the oxidation dissolution of W to soluble tungsten state anions at the anode, and the reduction of water to form bubbles of hydrogen gas and 2 OH − ions at the cathode.
To make tips with a small aspect ratio, the etching must be constrained to a small region. We do this with a special set-up, illustrated in Fig. 3.3 . The base is stretched over a small ring, creating a thin membrane. The ring is grounded and acts as the cathode. A positive voltage is applied to the W wire, which sticks through the KOH membrane and acts as the anode. The wire's far end is already glued to the tuning fork. By choosing an appropriate ring, the membrane thickness can be adjusted. It should be thin, stable, and must contain enough base to etch the wire to completion. A 2 mm hole through a piece of copper or stainless steel (thickness 0.2mm) works well. When the wire is etched through, two pieces are created. At the instant of separation, the voltage of the wire on the tuning fork drops to zero. Thus, the etching of that piece automatically terminates, leaving a very sharp tip.
With a 5-molar KOH solution, a 50 µm W wire, and a voltage V = 2.3V, the etching process takes about 30 s. When the current drops to zero, the reaction is clearly complete. But one should stop the reaction as soon as possible to prevent contamination of the etched piece (see Fig. 3.4 (d) for an image of typical contamination problems arising from this and other sources). One can find the exact moment when the two pieces severed by monitoring the voltage on the end piece.
It is important to eliminate all stresses in the wire. Otherwise the tip will be bent and dull. Further, when the etching process is complete, care must be exercised in removing the two ends in a way so they don't touch.
SEM images of tips produced in this way are shown in Fig. 3.4 . The radius of curvature is typically well below 100nm and the aspect ratio around 3. 
Distance Control
This section describes how the tip follows the surface at low height, around 5-50 nm.
The tuning fork consists of a piezo electric crystal. Thus, when the tuning fork is resonating at frequency ω 0 , a sinusoidal voltage with the same frequency and with amplitude proportional (to first approximation) to the motion, is produced across the crystal and measured by electrodes positioned there. This signal's amplitude and/or phase is used for feedback. Let the signal from the tuning fork be V T F (t, z) at time t and sample-tip separation z. As a first step, the feedback signal (phase, amplitude, or a combination) must be calculated from f (t) by some function S. Call this feedback signal x(t, z) = S(V T F (t, z) ). The feedback's task is to maintain x(t, z) as close as possible to some set-point x 0 . Thus, it must minimize the error e(t, z) = x(t, z) − x 0 by changing z based on the current error and the summed past errors, as described in Sec.3.6.2.
The Feedback Signal
Assume the tuning fork is excited at its resonance frequency Ω 0 away from the sample. The sinusoidal tuning fork signal is given by V T F (t, z) .
If the tuning fork driving voltage is given by F = V 0 cos(Ω 0 t), then the response signal is proportional to the displacement of one of the tuning fork legs, as given by the equation for a simple harmonic oscillator (see [21] ). Thus,
Here α is a proportionality constant which is linear in V 0 and γ is the full-width at half-maximum (FWHM) of the resonance curve. The amplitudeρ and phase θ of this signal are given by
These functions are plotted in Fig. 3 .5. We can use many different functions S(V T F (t, z)) for the feedback. But whatever it is, it should allow reliable and fast feedback. V T F (t, z) provides three independent variablesamplitude, phase, and frequency-which could be used, in some combination, as the feedback variables. It turns out that changing the driving frequency Ω 0 is impractical, so we make our feedback a combination of the phase and amplitude of V T F (t, z), keeping Ω 0 fixed.
Then we need to know how the phase θ and amplitude ρ depend on z. As Eqs. 3.44 (b) Resonance curve and phase shifts. The tuning fork is excited at Ω 0 , its resonance frequency far away from the sample. When it approaches the surface, the resonance frequency Ω and damping γ change. Since it is still excited at Ω 0 , the large shifts in θ and ρ result.
show, the only independent variables that can vary with z are Ω and γ, since Ω 0 is fixed. So we consider how θ and ρ depend on z-dependent changes of Ω and γ. Assume that as the tip is gradually lowered to the sample, Ω and γ change by small amounts ∆Ω/γ 0 1 and ∆γ/γ 0 1, where γ 0 = γ(z → ∞). For the operation of the feedback, we need to consider only these small changes since the feedback set-point x 0 is set to a value that corresponds to low interaction. From Eqs. 3.44 follow the first-order expansions of ρ and θ in terms of ∆γ and ∆Ω: where the "quality factor"
. Thus, ρ is most sensitive to changes in γ whereas θ is most sensitive to changes in Ω.
In the real system, both Ω and γ change with z, as is shown by the measurements in Fig. 3.6 . Typically, the amplitude of the resonance curve drops slightly first. This decrease is most likely due to long-range interactions between the tip and the sample which cause larger damping. One likely candidate would be damping through acoustic waves between the tip and the surface. Another contributing factor at somewhat closer distance could be Van der Waals forces. After this small drop in amplitude, we see the curve shifting to higher resonance frequencies. This effect is most likely due to repulsive electrostatic interactions between the tip and sample. Most likely, it's just the tip repelling from the surface in a nearly elastic collision. As for a pendulum that bounces back elastically by a heavy mass in its path, this 'knocking' causes an increase in the resonance frequency. Since these collisions are elastic, there is not a great loss in Q (or ρ) in this regime. Then, when the tip comes even closer to the surface, much stronger damping (including friction sample/tip deformation) sets in, which results in larger γ and significantly smaller ρ. This latter regime is outside the validity of Eqs. 3.47.
Because we don't know for in advance by how much the interaction causes shifts in Ω and γ, we shouldn't base our feedback signal on ρ or θ, but rather on a combination of the two. So consider the feedback signal
where ρ 0 = ρ(z → ∞) and c 0 is a proportionality constant. Consider how x behaves for small changes ∆Ω γ 0 of the resonance frequency and the damping (or FWHM freq.) ∆γ γ 0 . It's straightforward to show from Eq. 3.44 that
As already mentioned, ∆Ω is positive when the tip approaches the sample. The same is true for the damping, so ∆γ > 0 as well. Thus, both terms in Eq. 3.51 are positive, resulting in a positive feedback signal as the tip comes close to the sample, which allows for a stable feedback.
Distance Control Feedback
The feedback uses x(z, t) to control the tip height. It must ensure that the tip is held at a constant average distance over the sample surface, while being responsive enough to ensure that the tip doesn't come too close to the surface, but not too fast to prevent oscillatory self-excitation. Thus, a balance between responsiveness and reliability must be found.
The operation of the feedback is illustrated in Fig. 3 .7. The tuning fork voltage V T F is sent to a lock-in amplifier which computes the desired feedback signal, x(z, t) = S(V T F (z, t). This computation uses an integration time constant τ S which should be chosen near The electronics then compute the error signal e = x(z, t) − x 0 , which the feedback tries to minimize through proportional and integral gains P and I. The proportional feedback allows for fast response, e.g. to small surface features or mechanical vibrations. The integral feedback compensates for changes that occur over comparatively long time-scales, such as a slope of the sample or temperature-related drifts, and so forth. The combined feedback action changes the z-piezo voltage by ∆V z (t) = P e(t) + I The feedback actually computes the integral and proportional gains by a simple iterative method.
Choosing the Feedback Parameters
It is important to optimize the feedback parameters P and I. One of the most common problems is that if P or I are too high, the system can overshoot, which results in oscillations and instability. A further problem arises if they and τ S are adjusted incorrectly. Then the phase difference between the error and the feedback response may be too large. If it approaches 180 • , the feedback will become unstable. Lastly, it is important to choose an appropriate set-point x 0 . A higher set-point corresponds to higher damping, which can eliminate mechanical oscillations.
It is useful to follow a systematic approach for choosing P and I. First set I to zero. Then, scanning only a very small region (so that integral action isn't required to compensate for slopes), increase P to the highest value where the system is still stable. Then scan over a longer range and adjust I so that a good compromise between response and overshoot is reached.
In the experiment, the feedback is handled by a commercial system 2 . The feedback signal x(t, z) = S(V T F (t, z)) is computed by a commercial lock-in amplifier. A home-made circuit was also used. It can calculate (to within some scaling factor) either the phase θ, the amplitude ρ, or ρ sin(θ + φ), where φ is an adjustable phase. It can add these signals to a user-or computer-controlled offset. Thus, it can produce almost any feedback signal one could want; in particular, it can produce the feedback of Eq. 3.50 used in this experiment. The circuit diagram is given in Fig. 6 .1 in the Appendix. After using the home-made circuit for some time, we decided to use the commercial lock-in amplifier. In the future, a dedicated home-made circuit for calculating x(t, z) will be used again.
Noise Suppression
We suppress the different sources of noise in the following ways:
• Mechanical Noise. The set-up is carried by an optical table on hydraulic legs. Furthermore, the tip/sample system is isolated by a series of large masses separated by high-loss damping material (card board).
• Electric Noise. Electric noise is reduced primarily the use of by electronic filters, lockin techniques, isolated wires, and separate power supplies for high-current devices.
• Feedback. The feedback parameters I, P, x 0 are adjusted carefully: otherwise, feedback oscillations can occur and/or electronic/mechanical noise can be amplified.
Chapter 4
Results/Discussion
We first discuss the results of topography scanning. Then we present the results of optical scanning, in which an optical signal is recorded while the topography is scanned. In relation to this, we also discuss interesting findings regarding the heigh dependence of near-field optical scattering. Finally, based on the results obtained so far, we assess the feasibility of future experiments.
Topography Scanning
The control program scans the desired area line by line to obtain a topographical image. The feedback maintains a constant tip-sample separation. For technical reasons, the program can record only one other variable in addition to the three spatial coordinates. For optical scans, this free variable must obviously be dedicated to the optical signal. But in pure topographical scans, it is useful to record the error signal instead. A comparison of the error signal with the z value shows how well the feedback parameters are adjusted. For example, if the topography appears more distinctly in the error signal scan, it is clear that the feedback isn't able to follow, so that the feedback gains must be increased or the scan time decreased. The lateral topographical resolution achieved so far is well below 100nm; the z-resolution is on the order of 3 nm. At this point, it's not possible to estimate it more precisely because the system has not been calibrated with a patterned sample. Fig. 4 .1 shows preliminary topographical scans.
Optical Scanning
In optical scanning, the control program follows the sample topography while recording an optical measurement. The most interesting optical measurements, using the techniques of tip-height modulation (Sec. 3.1) and polarization modulation (Sec.3.3) are listed in So far, only the first two optical signals have been studied extensively. Fig. 4 .2 presents preliminary optical and simultaneous topographical scans of the focused laser spot on glass. The optical signal is of Type 2, sketched in Fig. 3 .2, with a modulation height of 20 nm. The glass is covered with a low density of 100nm latex beads, covered again by Poly(vinylalcohol). The spatial resolution of the optical image is not much better than what may be achieved with an ordinary far-field microscope. The resolution possible with this system, though, should be much less than a wavelength, though we are still waiting for patterned samples to demonstrate this.
Height Dependence of Near-Field Optical Scattering
The relationship for the evanescent field above the region of total internal reflection is given by Eq. 3.1. To a first approximation, the intensity radiated by the tip is given by Eq. 3.3, which is: As mentioned in Sec. 3.4, we actually measure the derivative of this field, given by Eq. 3.4. If ∆ mod δ, the demodulated signal simplifies to
where k is a constant that accounts for the various signal amplifiers. We measured this signal against sample-probe distance z by first bringing the tip close to the surface (with sheer-force feedback), and then retracting. Fig. 4.3 shows typical data for this measurement.
The data clearly deviate from the simple exponential relation of Eq. 4.2. The deviation results from interference of the tip-scattered near-field light with light from scattering at surface defects. The electric field from such an unwanted (but unavoidable) scattering center is approximated by E S = E S0 e i(2πr/λ+φ) r i r 2 where r is the distance between the scattering center and the tip and E S0 is the electric field amplitude at distance r i from the scatterer. For ∆z r, r ≈ r 0 +
), where φ has been redefined to account for the other phase offsets. Thus, we arrive at a total tip-scattered field of E tot = E near-field + E scattered far-field = E 0 (e −2∆z/δ + Ae It would certainly be desirable to avoid complications due to other scattering centers. But it is impossible to find a defect-free region of the sample. Therefore, while trying to minimize defects, we still need to take their interference with the desired near-field signal into account.
This deviation from the pure exponential relation occurs for z on the order of λ. We have observed another, very different deviation at much shorter z, typically under 20 nm. We repeated the z-dependence measurements of Fig. 4.3 , but varying the z-modulation amplitude ∆ mod . The results are shown in Fig. 4.4 . If the tip comes very close to the sample, the signal amplitude drops-contrary to Eq. 4.3. From the low-∆ mod curves, it is clear that this decrease in the optical signal occurs before the tip touches the surface, i.e., before the on-set of shear-force. Thus the signal decrease does not result from artifacts-it's a purely optical effect.
This decrease results from surface-induced quenching of the dipolar emission from the tip. The underlying process can be understood qualitatively rather easily, but a detailed theoretical analysis requires that field retardation, higher multipoles of the tip, and multiple scattering between the tip and the sample are taken into account [22] . The electric field from the tip is reflected at the surface, with a 180 • phase delay. This electric field links the dipoles of the surface with that of the tip and causes both to be weaker. This process becomes important at length scales on the order of the tip dipole or tip apex, so several tens of nanometers. In the extreme case where the tip is at the surface and the surface dipole is highly polarizable (α 1 → 1), the dipole and its image are equal in magnitude and opposite in direction. They cancel and the quadrupole radiation becomes dominant. The exact process of surface-induced quanching of the dipolar emission depends strongly on the surface and tip properties and could be used for more detailed analysis of tip and sample properties. 
Feasibility
Based on the results obtained so far, we check again if the ultimate goal of MO measurements with high temporal and time resolution is possible. Assuming a ferromagnetic sample of 10nm thickness, Sec. 2.2.2 suggests that we are to expect a Faraday rotation of about φ F = 5·10 −2 • = 1·10 −3 rad. We would like to check if with the current photodetector, this rotation is measurable. The φ F measurement corresponds to the double harmonic, the 2 cos(ω m ) term in Eq. 3.42. Suppose we choose an E/O driving amplitude of 330 V, which gives φ m = π in Eqs. 3.33, 3.32. Choosing the analyzer angle φ in Eq. 3.42, and using J 2 (π) ≈ 0.5, the prefactor of the 2 cos(ω m ) term in Eq. 3.42 is α = 2J 2 (π)sin(φ f ) ≈ 2J 2 (π)φ f ≈ 10 −3 . Such a fractional change is easily measurable as long as the corresponding signal is above the noise floor. By applying a height modulation of 10 nm at 6 kHz, we have measured V 0 P D ≈ 2 mV, after the photodetector's transimpedance amplifier. Thus, α ≈ 2 µV (the photodetector cut-off frequency is over 2f m ≈ 12kHz). The noise floor is roughly 5µ V, so the signal corresponding to φ F would be slightly smaller. Moderate time-averaging can still extract φ F , however. It should be noted, however, that recording φ F does not necessarily measure true magnetic contrast since birefringence within the sample and tip will also lead to polarization contrast (see [23] ). A technique that modulates the actual magnetization (e.g., through magnetization modulation or a pump-probe technique) can separate these two effects and extract the magnetization signal.
